The selective catalytic reduction of NO with NH 3 at low temperatures has been investigated with natural iron ore catalysts. Four iron ore raw materials from different locations were taken and processed to be used as catalysts. The methods of X-ray diffraction (XRD), X-ray fluorescence (XRF), Brunauer-Emmett-Teller (BET), X-ray photoelectron spectroscopy (XPS), hydrogen temperature-programmed reduction (H 2 -TPR), ammonia temperature-programmed desorption (NH 3 -TPD), scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR) were used to characterize the materials. The results showed that the sample A (comprised mainly of α-Fe 2 O 3 and γ-Fe 2 O 3 ), calcined at 250 • C, achieved excellent selective catalytic reduction (SCR) activity (above 80% at 170-350 • C) and N 2 selectivity (above 90% up to 250 • C) at low temperatures. Suitable calcination temperature, large surface area, high concentration of surface-adsorbed oxygen, good reducibility, lots of acid sites and adsorption of the reactants were responsible for the excellent SCR performance of the iron ore. However, the addition of H 2 O and SO 2 in the feed gas showed some adverse effects on the SCR activity. The FT-IR analysis indicated the formation of sulfate salts on the surface of the catalyst during the SCR reaction in the presence of SO 2 , which could cause pore plugging and result in the suppression of the catalytic activity.
Introduction
Current global major environmental problems, such as smog, rain, fine particle pollution, and ozone depletion are credited to nitrogen oxides (NO x , x = 1, 2) [1] . Around the world, NO x legislation has become more and more stringent due to the increased awareness in society about protecting the environment [2] . Therefore, in the modern era, a lot of focus is given to the removal of NO x by the researchers. To meet these stringent regulations of NO x abatement for point sources (coal-fired power plants), selective catalytic reduction (SCR) of NO x with ammonia (NH 3 ) has become the most effective and extensively used NO x reduction technology [3] . Vanadium-based catalysts (V 2 O 5 /TiO 2 or V 2 O 5 -WO 3 /TiO 2 ) are the most common industrial catalysts for SCR of NO x with NH 3 , for which the most efficient reaction temperature range is 300~400 • C [4] . Since the operating temperature range is high, that is why the catalyst must be placed upstream of the desulfurizing section and the particulate removal device, to avoid reheating the flue gas; but it can cause deactivation due to the high concentration of sulfur dioxide and dust [5] . Other issues include high activity for the oxidation of SO 2 to SO 3 [6] , the formation of N 2 O at high temperatures [7] and the toxicity of vanadium to the environment [8] . That is why recently, environmental catalysis has put great efforts into the development of V-free NH 3 -SCR catalysts.
Some other transition metal oxide-based catalysts (Cr, Mn, Fe, Ni, Zr, Co, Cu, La, etc.) have shown good NH 3 -SCR performance [9] . For example, Ma et al. prepared TiO 2 -supported iron
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NH 3 -SCR Activity and Selectivity
For different samples calcined at 250 • C, the low-temperature SCR removal activity, and N 2 selectivity at different reaction temperatures, are shown in Figure 1A and Table 1 , respectively. It can be seen that sample A exhibited the best activity and selectivity among other samples in a wide temperature range with NO conversion above 90% from 200-290 • C and the N 2 selectivity above 90% up to 250 • C.
It can be concluded that the catalytic activity and selectivity of all the samples were different from each other, which could result from the difference in their material structure, surface properties and composition of the iron ore. The catalytic activity and selectivity of the catalysts at low temperatures followed the particular sequence: Sample D < Sample B < Sample C < Sample A. In addition, it can be seen that the NO conversion of sample A is higher than the Mn-Ce-γ-Al 2 O 3 catalyst [21] within 150-300 • C, even though the gas hourly space velocity (GHSV) of our experiments is higher than that of the literature.
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It can be seen that with the rise in temperature the NO oxidation activities increased, first up to the 300 • C reaction temperature, and then decreased. Some evident differences could be seen between the NO oxidation activity and SCR activity of the samples which could be ascribed to the role of NH 3 during SCR reaction; in a real SCR reaction, the presence of NH 3 would increase the NO to NO 2 conversion as compared to the pure NO oxidation. NO conversion to NO 2 was proven to be a slow step for an SCR reaction, and the NO 2 generated was rapidly consumed in the existence of ammonia [22] . Sample A comprising the larger weight fraction of γ-Fe 2 O 3 exhibited the highest NO conversion to NO 2 as well as the NH 3 -SCR activity. Figure 2B shows that the NH 3 oxidation increased with the rise in temperature. This increase in the NH 3 oxidation at high temperatures is considered as a side reaction which aids in the formation of NO in the NH 3 -SCR system and also causes the deactivation of the catalysts at high temperatures [13] . It can be seen that with the rise in temperature the NO oxidation activities increased, first up to the 300 °C reaction temperature, and then decreased. Some evident differences could be seen between the NO oxidation activity and SCR activity of the samples which could be ascribed to the role of NH3 during SCR reaction; in a real SCR reaction, the presence of NH3 would increase the NO to NO2 conversion as compared to the pure NO oxidation. NO conversion to NO2 was proven to be a slow step for an SCR reaction, and the NO2 generated was rapidly consumed in the existence of ammonia [22] . Sample A comprising the larger weight fraction of γ-Fe2O3 exhibited the highest NO conversion to NO2 as well as the NH3-SCR activity. Figure 2B shows that the NH3 oxidation increased with the rise in temperature. This increase in the NH3 oxidation at high temperatures is considered as a side reaction which aids in the formation of NO in the NH3-SCR system and also causes the deactivation of the catalysts at high temperatures [13] . 
Characterization
XRD patterns of the different iron ore samples without calcination are shown in Figure 3 . It can be seen that the samples consist of three minerals of iron: γ-Fe2O3 (maghemite, JCPDS 00-39-1346), α-Fe2O3 (hematite, JCPDS 01-089-8104) and α-FeOOH (goethite, JCPDS 00-017-0536).
The diffraction spectra of sample A indicated that three main phases of ferric oxide (α-Fe2O3, α-FeOOH and γ-Fe2O3,) were present in it, and through quantitative analysis by the Rietveld method it was found that the ratio of these three phases in sample A was 59.4:11.5:29.1, respectively. Similarly, in sample C the ratio was 67.7:24.1:8.2, respectively. Diffraction spectra of sample B showed that α-Fe2O3 and α-FeOOH were the two phases present in the sample and existed in 27.4:72.6, respectively. Whereas, in sample D the ratio was 7.7:92.3, respectively.
The XRD spectra in Figure 3 depicts that the sample A comprised mainly of α-Fe2O3 and γ-Fe2O3 and the weight fraction of γ-Fe2O3 was found highest among other samples. With a change in the temperature range, the catalytic influence of these two components varies. The optimum temperature of the NO conversion of γ-Fe2O3 is relatively low as compared to α-Fe2O3 [23] . It is known that the lattice of γ-Fe2O3 has point defects created by its cation vacancies [24] . These point lattice defects could be useful in providing more active sites for the catalytic reaction to take place, as well as contribute to the surface electron transfer in the SCR reaction. So the existence of γ-Fe2O3 could be crucial for the low-temperature SCR activity of the iron ore.
Partly magnified XRD spectra of the 'not calcined' as well as 'calcined' sample A at different temperatures is shown in Figure 4 . Sample A without calcination exhibited sharp crystalline peaks of α-Fe2O3 and γ-Fe2O3, indicating good crystallinity ( Figure 4A ). After calcining the sample to 250 °C, both phases of the Fe2O3 were still intact, but the intensities of the peaks were much lower, indicating a poor crystallinity (amorphous structure formation verified by SEM) which was beneficial for obtaining high SCR activity at low temperatures. However, with a further rise in calcination 
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The XRD spectra in Figure 3 depicts that the sample A comprised mainly of α-Fe 2 O 3 and γ-Fe 2 O 3 and the weight fraction of γ-Fe 2 O 3 was found highest among other samples. With a change in the temperature range, the catalytic influence of these two components varies. The optimum temperature of the NO conversion of γ-Fe 2 O 3 is relatively low as compared to α-Fe 2 O 3 [23] . It is known that the lattice of γ-Fe 2 O 3 has point defects created by its cation vacancies [24] . These point lattice defects could be useful in providing more active sites for the catalytic reaction to take place, as well as contribute to the surface electron transfer in the SCR reaction. So the existence of γ-Fe 2 O 3 could be crucial for the low-temperature SCR activity of the iron ore.
Partly magnified XRD spectra of the 'not calcined' as well as 'calcined' sample A at different temperatures is shown in Figure 4 . Sample A without calcination exhibited sharp crystalline peaks of α-Fe 2 O 3 and γ-Fe 2 O 3 , indicating good crystallinity ( Figure 4A ). After calcining the sample to 250 • C, both phases of the Fe 2 O 3 were still intact, but the intensities of the peaks were much lower, indicating a poor crystallinity (amorphous structure formation verified by SEM) which was beneficial for obtaining high SCR activity at low temperatures. However, with a further rise in calcination temperature above 250 • C, the γ-Fe 2 O 3 phase (peak at 63.99 • ) in the sample has been converted into the α-Fe 2 O 3 phase (peak at 64.17 • ). Cao et al. also concluded that after increasing the calcination temperature above 250 • C, the γ-Fe 2 O 3 particles started to engulf their surrounding crystals and the different sizes of the α-Fe 2 O 3 particles formed [25] , which resulted in the decrease of surface area. According to the Scherrer formula (Equation (5)), the half-width of the diffraction peak and the crystallite size of the material are inversely proportional to each other. So, the average crystallite sizes of the sample that was calcined at 350 • C and 450 • C, respectively are larger than the sample calcined at 250 • C, which could be related to the sintering (frittage) phenomenon at higher temperatures and the formation of α-Fe 2 O 3 . That is why the samples calcined at a higher calcination temperature (350 • C, 450 • C) exhibited lower catalytic activity and selectivity than the sample calcined at 250 • C ( Figure 1 , Table 1 ).
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The elemental compositions of the iron ore samples show that Fe, O, Al and Si are the major elements present in these samples ( Table 2 ). Natural iron ore was composed mainly of ferric oxide (XRD). Ferric oxide, particularly maghemite (γ-Fe 2 O 3 ) particles, exhibited good SCR activity at low temperatures [26] , and the interactions of some major elements like Al and Si with ferric oxide could be beneficial for the low-temperature SCR activity [27] [28] [29] . XRD results indicated the formation of Al 0.94 Fe 1.06 O 3 and SiO 2 (from the decomposition of O 7 P 2 Si) after calcining the catalyst, which may have assisted in a better NO reduction of sample A. BET surface areas and average crystallite size of the catalysts are shown in Tables 3 and 4 . It can be seen from Table 3 that BET surface areas of the calcined samples are much higher than the non-calcined sample, and a decline in the surface area of sample A was observed with a rise in calcination temperature (350 • C and 450 • C). In addition, it can be seen from Table 3 that the surface area of the catalysts and the average crystallite size are inversely proportional to each other. Table 4 is comprised of BET surface areas and the average crystallite size of the different samples of the iron ore calcined at 250 • C. Sample A exhibited the highest surface area among other samples. Larger surface area can help to provide more active sites on the surface of the catalyst by which flue gas adsorption could be promoted. That is why the catalytic activity and selectivity of the sample A calcined at 250 • C was the best among other samples ( Figure 1 , Table 1 ). XPS analysis was performed to identify the oxidation state of the surface elements of the iron ore samples. For samples A and D, the binding energy values (in eV) and valence state ratios of O are shown in Table 5 . The XPS spectrum of the samples in the Fe2p and O1s regions are shown in Figure 5 . Figure 5A shows the Fe2p spectra of the samples A and D. For sample A, the characteristic peaks of Fe 2p 3/2 , Fe 2p 3/2 satellite, Fe2p 1/2 and Fe 2p 1/2 satellite were located at 710.8, 718.7, 724.7 and 732.5 eV, respectively [30] . Whereas for sample D, the characteristics peaks have shown a little higher BE values (Fe 2p 3/2 (710.9), Fe 2p 3/2 satellite (718.9), Fe2p 1/2 (724.8) and Fe 2p 1/2 satellite (732.9) (in eV)). The Fe2p 3/2 envelopes of both the samples showed multiple splitting spectra and are in good agreement with the Gupta and Sen (GS) multiples [30] . The fitted 2p 3/2 envelopes in the samples correspond well to the presence of iron oxide in the Fe 3+ state [31] . The result is in good agreement with the XRD data (Figures 3 and 4) . The XPS spectrum of the Samples A and D in the O1s region is shown in Figure 5B . After deconvolution of the peaks, the O1s spectra peaks of both of the samples can be separated into three peaks. According to the literature [32] , the peak at the lower BE around 529.9 eV corresponds to the lattice oxygen (denoted as Oβ); the second one at a bit higher BE value around 531.4 eV corresponds to the surface adsorbed oxygen (denoted as Oα); the third peak around 532.6 corresponds to the peak originates from chemisorbed water (indicated as Oγ). It is reported that surface chemisorbed oxygen (Oα) is highly active in the oxidation reaction because of its higher mobility than the lattice oxygen (Oβ) [33] , and the high SCR activity could be correlated with the high relative concentration ratio of Oα/Oα + Oβ + Oγ on the surface of the catalyst. As shown in Table 5 , the concentration ratio of Oα/(Oα + Oβ + Oγ) of sample A was 44%; whereas, the concentration ratio of sample D was 39%. Therefore, the higher NO conversion of sample A could be due to higher values of surface chemisorbed oxygen (Oα).
Catalysts 2019, 9, x FOR PEER REVIEW  7 of 14 with the Gupta and Sen (GS) multiples [30] . The fitted 2p3/2 envelopes in the samples correspond well to the presence of iron oxide in the Fe 3+ state [31] . The result is in good agreement with the XRD data (Figures 3 and 4) . The XPS spectrum of the Samples A and D in the O1s region is shown in Figure 5B . After deconvolution of the peaks, the O1s spectra peaks of both of the samples can be separated into three peaks. According to the literature [32] , the peak at the lower BE around 529.9 eV corresponds to the lattice oxygen (denoted as Oβ); the second one at a bit higher BE value around 531.4 eV corresponds to the surface adsorbed oxygen (denoted as Oα); the third peak around 532.6 corresponds to the peak originates from chemisorbed water (indicated as Oγ). It is reported that surface chemisorbed oxygen (Oα) is highly active in the oxidation reaction because of its higher mobility than the lattice oxygen (Oβ) [33] , and the high SCR activity could be correlated with the high relative concentration ratio of Oα/Oα + Oβ + Oγ on the surface of the catalyst. As shown in Table 5 , the concentration ratio of Oα/(Oα + Oβ + Oγ) of sample A was 44%; whereas, the concentration ratio of sample D was 39%. Therefore, the higher NO conversion of sample A could be due to higher values of surface chemisorbed oxygen (Oα). To examine the redox properties of samples A and D, temperature-programmed reduction (H2-TPR) experiments were conducted. Generally, the hydrogen consumption peaks located at 250-500 °C are attributed to surface lattice oxygen, and peaks at 500-700 °C are attributed to bulk lattice oxygen [34] . Figure 6A shows the H2-TPR profiles of samples A and D. It can be seen that two wellseparated reduction peaks were present in the H2-TPR profiles of the catalysts. Surface lattice oxygen was credited with the first stage of the reduction process from hematite to magnetite (α-Fe2O3 → Fe3O4) in the low-temperature peak, and the bulk lattice oxygen was responsible for the reduction of magnetite to metallic iron (Fe3O4 → Fe) in the high-temperature peak. In point of fact, with a sample heating rate of 5.5 °C per minute and higher, two heavily overlapped peaks could be observed in the high-temperature region (as shown in Figure 6A ). That is why the reduction of magnetite was believed to happen in a two-step magnetite reduction sequence, i.e., 2Fe3O4 → 6FeO → 6Fe [35] . Sample D was characterized by four different reduction peaks at 297 °C, 368 °C, 528 °C and 638 °C, corresponding to the reduction of Fe2O3 to Fe3O4 (297 °C, 368 °C), Fe3O4 to FeO (528 °C), and FeO to Fe (638 °C) [36, 37] . However, the results exhibited that the corresponding temperatures to the reduction peaks have shifted to lower values for the sample A, which indicated higher mobility of the oxygen species in the sample A. Since the reducibility can be indicated by the reduction peak To examine the redox properties of samples A and D, temperature-programmed reduction (H 2 -TPR) experiments were conducted. Generally, the hydrogen consumption peaks located at 250-500 • C are attributed to surface lattice oxygen, and peaks at 500-700 • C are attributed to bulk lattice oxygen [34] . Figure 6A shows the H 2 -TPR profiles of samples A and D. It can be seen that two well-separated reduction peaks were present in the H 2 -TPR profiles of the catalysts. Surface lattice oxygen was credited with the first stage of the reduction process from hematite to magnetite (α-Fe 2 O 3 → Fe 3 O 4 ) in the low-temperature peak, and the bulk lattice oxygen was responsible for the reduction of magnetite to metallic iron (Fe 3 O 4 → Fe) in the high-temperature peak. In point of fact, with a sample heating rate of 5.5 • C per minute and higher, two heavily overlapped peaks could be observed in the high-temperature region (as shown in Figure 6A ). That is why the reduction of magnetite was believed to happen in a two-step magnetite reduction sequence, i.e., 2Fe 3 O 4 → 6FeO → 6Fe [35] . Sample D was characterized by four different reduction peaks at 297 • C, 368 • C, 528 • C and 638 • C, corresponding to the reduction of Fe 2 O 3 to Fe 3 O 4 (297 • C, 368 • C), Fe 3 O 4 to FeO (528 • C), and FeO to Fe (638 • C) [36, 37] . However, the results exhibited that the corresponding temperatures to the reduction peaks have shifted to lower values for the sample A, which indicated higher mobility of the oxygen species in the sample A. Since the reducibility can be indicated by the reduction peak temperature, the lower reduction peak temperature indicated the stronger reducibility. Therefore, the catalytic activity of sample A was better than that of sample D.
One of the main processes of the NH 3 -SCR reaction is the adsorption and activation of ammonia on the acid sites that are present on a catalyst's surface. To examine this, NH 3 -TPD experiments were conducted. It can be seen from Figure 6B that the samples have three NH 3 desorption peaks from 50~500 • C. For sample A, two desorption peaks can be observed at 135 • C and 192 • C, which can be attributed to NH 4+ bound to weak Brønsted acid sites [38] . Whereas, the third peak is centered at 267 • C (strong peak), respectively. The peak above 200 • C can be ascribed to NH 4+ bound to strong Brønsted acid sites, and the coordinated NH 3 bound to Lewis acid sites [39, 40] . So NH 3 -TPD results showed the presence of both Lewis and weak Brønsted acid sites in the catalysts for ammonia adsorption. It is interesting to note that the peak area of Lewis acid sites and weak Brønsted acid sites are obviously larger than those of sample D. The peak area implies the amount of ammonia adsorption in the sample [19] , and this indicated that sample D has less number of acid sites than the sample A. Therefore, the catalytic activity and selectivity of the sample A was higher than the sample D.
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Influence of H2O and SO2 on SCR Activity
The influence of SO2 and H2O on the SCR activity was investigated at 200 °C (Figure 8 ). To test SO2 tolerance, 150 ppm SO2 was added to the simulated flue gas after 50 min of stable reaction. It can be seen that the NO conversion showed a negligible decrease and the NO conversion still remained above 85% after 100 min. However, the NO conversion decreased from 85% to 65% in 200 min, and after that, the NO conversion became almost stable. When the SO2 feed was stopped after 400 min, the NO conversion was restored to some extent. Compared with the previous reports [41, 42] , our experiments exhibited that the iron ore sample had better tolerance to SO2 at 200 °C in one hour of added SO2. However, after this time, substantial deactivation occurred due to the formation of sulfates on the surface of the catalyst, which resulted in a sharp decrease in NO conversion. The coexistence of H2O and SO2 led to more catalyst deactivation to the addition of a single gas (SO2), because H2O can compete with the gaseous NH3 for the active sites [43] . When 5 vol % H2O and 150 ppm SO2 were added to the simulated flue gas after 50 min of stable reaction, the synergy effects of the H2O and SO2 could be seen on the NO conversion of the iron ore catalyst. 
Influence of H 2 O and SO 2 on SCR Activity
The influence of SO 2 and H 2 O on the SCR activity was investigated at 200 • C (Figure 8 ). To test SO 2 tolerance, 150 ppm SO 2 was added to the simulated flue gas after 50 min of stable reaction. It can be seen that the NO conversion showed a negligible decrease and the NO conversion still remained above 85% after 100 min. However, the NO conversion decreased from 85% to 65% in 200 min, and after that, the NO conversion became almost stable. When the SO 2 feed was stopped after 400 min, the NO conversion was restored to some extent. Compared with the previous reports [41, 42] , our experiments exhibited that the iron ore sample had better tolerance to SO 2 at 200 • C in one hour of added SO 2 . However, after this time, substantial deactivation occurred due to the formation of sulfates on the surface of the catalyst, which resulted in a sharp decrease in NO conversion. The coexistence of H 2 O and SO 2 led to more catalyst deactivation to the addition of a single gas (SO 2 ), because H 2 O can compete with the gaseous NH 3 for the active sites [43] . When 5 vol % H 2 O and 150 ppm SO 2 were added to the simulated flue gas after 50 min of stable reaction, the synergy effects of the H 2 O and SO 2 could be seen on the NO conversion of the iron ore catalyst.
To authenticate the formation of ammonium sulfates the FT-IR analysis of the fresh and the deactivated sample was carried out, and the results are shown in Figure 9 . By comparison, some new bands at 1117, 1400 and 3250 cm −1 were found in the spectra of the sample poisoned by the SO 2 gas. The new bands at 1117 and 1400 cm −1 are credited to the adsorption peak of SO 4 2- [44, 45] , whereas, the band at 3250 cm −1 is ascribed to the corresponding N-H stretching vibration of NH 4+ ions [42] . These results showed that sulfate salts such as (NH 4 ) 2 SO 4 and NH 4 HSO 4 were formed during the SCR reaction on the iron ore sample, which could cause pore plugging and result in a reduction of the catalytic activity.
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Materials and Methods
Materials and Reagents
In this study, four iron ore raw materials from different locations were taken and processed to be used as catalysts. Among them, two were mined in Australia and the other two in Brazil. To prepare the catalysts, the raw materials were processed as follows: At first, the iron ore raw materials were dried at 105 °C for 4 h, and then ZM-200 Ultra Centrifugal Mill (Retsch, Germany) was used to ground the ore to make 100-mesh powder. Then, these ground samples were again dried at 105 °C for 5 h. Finally, these ground samples were calcined at 250 °C, 350 °C and 450 °C, respectively, for 6 h to obtain the catalysts.
Experimental Setup and Governing Equations
The experimental setup consisted of a simulated flue gas system, an electrically heated test rig, a fixed-bed quartz reactor and a flue gas analyzer system. The reactor was made of quartz glass (6 mm i.d × 500 mm length). A K-type thermocouple of 2 mm diameter with an accuracy of 2.5 °C was inserted into the reactor to obtain the data of the flue gas temperature from the reactor inlet and outlet. The catalyst powder (500 mg) was loaded inside the reactor and was heated to the desired temperature by an electrically heated test rig. The reaction gas consisted of 500 ppm NO, 500 ppm 
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Experimental Setup and Governing Equations
The experimental setup consisted of a simulated flue gas system, an electrically heated test rig, a fixed-bed quartz reactor and a flue gas analyzer system. The reactor was made of quartz glass (6 mm i.d × 500 mm length). A K-type thermocouple of 2 mm diameter with an accuracy of 2.5 • C was inserted into the reactor to obtain the data of the flue gas temperature from the reactor inlet and outlet. The catalyst powder (500 mg) was loaded inside the reactor and was heated to the desired temperature by an electrically heated test rig. The reaction gas consisted of 500 ppm NO, 500 ppm NH 3 , 3 vol % O 2 , 150 ppm SO 2 (when used), 5 vol % H 2 O (when used), with balance N 2 at a total flow rate of 145 mL·min −1 and gas hourly space velocity (GHSV) of 20,000 h −1 . Water vapors were generated by passing N 2 through a heated gas-wash bottle containing deionized water. Mass flow controllers (MFCs) (CS200A, CS200D, Sevenstar, Beijing, China) were used to control the flow of simulated flue gas. A flue gas analyzer (Testo 350, Lenzkirch, Germany) was used to constantly monitor the concentrations of NO, NO 2 , O 2 and SO 2 . To test N 2 selectivity, the outlet gas compositions were detected by GC-14C with Porapak Q column (Shimadzu, Kyoto, Japan) and FT-IR spectrometer (Vertex70v, Billerica, USA) with a scanning range of 4000-400 cm −1 , 0.15 cm −1 resolution and an average of 32 scans for each spectrum. By using the concentration of gases at steady state, the NO conversion and N 2 selectivity were calculated according to the following equations:
where [NO] in represents the NO concentration at the inlet of the reactor (ppm), and [NO] out represents the NO concentration at the outlet of the reactor (ppm). Both NO and NH 3 oxidation tests were conducted in the same reactor with a 500 mg sample. For NO oxidation, the feed gas consisted of 500 ppm NO, 3 vol % O 2 , and balance N 2 . For NH 3 oxidation, the feed gas consisted of 500 ppm NH 3 , 3 vol % O 2 , and balance N 2 . The total flow rate was 145 mL·min −1 . The NO to NO 2 conversion percentage was calculated using the following equation:
The NH 3 conversion percentage was calculated using the following equation:
where [NH 3 ] in and [NH 3 ] out were the concentration of NH 3 in the inlet and outlet flue gases, respectively (ppm). The Scherrer formula is shown as follows.
where D represents the average diameter of crystallite, λ denotes the wavelength of the incident X-ray, β is the half-width of the diffraction peak, and θ is the diffraction angle.
Characterization Used
X-ray powder diffraction (XRD) measurements were carried out to determine the crystalline structures of the catalysts with CuKα radiation on a D8 Advance X-ray diffractometer (Bruker, Billerica,
